We tested predictions associated with three widely used hypotheses for facultative sex-ratio adjustment of vertebrates using eight enclosed populations of gray-tailed voles, Microtus canicaudus. These were (i) the population sex ratio hypothesis, which predicts that recruitment sex ratios should oppose adult sex-ratio skews, (ii) the local resource competition hypothesis, which predicts female-biased recruitment at low adult population density and malebiased recruitment at high population density, and (iii) the first cohort advantage hypothesis, which predicts that recruitment sex ratios should be female biased in the spring and male biased in the autumn. We monitored naturally increasing population densities with approximately equal adult sex ratios through the spring and summer and manipulated adult sex ratios in the autumn and measured subsequent sex ratios of recruits. We did not observe any significant sexratio adjustment in response to adult sex ratio or high population density; we did detect an influence of time within the breeding season, with more female offspring observed in the spring and more male offspring observed in the autumn. Significant seasonal increases in recruitment sex ratios indicate the capacity of female gray-tailed voles to manipulate their offspring sex ratios and suggest seasonal variation in the relative reproductive value of male and female offspring to be a regular phenomenon.
Introduction
Sex-ratio theory predicts that female mammals can maximize their fitness by investing equally in sons and daughters when the reproductive return of each sex is equal, or by facultatively adjusting the sex ratio of their offspring if the reproductive return of one sex is greater than that of the other (e.g., Fisher 1930; Hamilton 1967; Trivers and Willard 1973; Frank 1990; Pen et al. 1999; Pen and Weissing 2002) . For instance, if individual mothers differ in their investment ability and the sexes differ in their reproductive potential as a result of that investment, adjustment of individual offspring sex ratios can be adaptive under some circumstances (Trivers and Willard 1973; Leimar 1996) such as in response to differences in local resource competition levels (e.g., Clark 1978; van Schaik and Hrdy 1991; Hewison and Gaillard 1996) as well as in local adult sex ratios (e.g., Bensch et al. 1999; Ranta et al. 2000) . In this study, we tested the predictions of three hypotheses for facultative sexratio adjustment.
The population sex ratio (PSR) hypothesis predicts that if adult sex ratios are biased, females should skew the sex ratio of their offspring to produce the rarer sex. Counterbalancing skews in adult sex ratios should have adaptive value, as each individual of the underrepresented sex has a frequencydependent mating advantage and will contribute proportionally more genes to succeeding generations than the more common sex (sensu Bensch et al. 1999; Ranta et al. 2000) . Some evidence to support this hypothesis has been found in house mice, Mus musculus (Sadler 1981) , and female snow skinks, Niveoscincus microlepidotus (Olsson and Shine 2001) , in which females produced more offspring of the sex that was rarer in the adult population.
The local resource competition (LRC) hypothesis predicts that if resources are abundant in and around the maternal home range, females should produce more of the sex of the offspring that is philopatric and can take advantage of these resources; in mammals, this is usually female. Conversely, if competition is intense in the natal home-range area, females should produce the dispersing sex, typically males, which would suffer less from local competition than the philopatric sex. Observational evidence for this hypothesis has been demonstrated in Townsend's voles, Microtus townsendii (Lambin 1994) , lions, Felis leo (Packer and Pusey 1987) , and several species of primates (Clark 1978; Silk 1983; van Schaik and Hrdy 1991) .
The first cohort advantage (FCA) hypothesis predicts that if resource availability fluctuates over the breeding season, or if any behavioral or ecological factor is more advantageous for one sex than for the other, females might adjust offspring sex ratio accordingly (sensu Werren and Charnov 1978; Lambin 1994) . For instance, several species of voles appear to produce more daughters in spring and sons in autumn (McShea and Madison 1986; Boonstra 1989; Saitoh 1990; Lambin 1994; Wright et al. 1995) . Apparently, springborn females can breed earlier and more successfully than spring-born males; in contrast, males have higher overwinter survival and higher reproductive success the following spring (McShea and Madison 1986) . Therefore, mothers might adjust the sex ratio of their offspring to favor daughters in spring and sons in autumn.
Although strong theoretical arguments with some supportive evidence are available for the adaptive significance of facultative sex-ratio adjustments, few experimental studies have been conducted in the laboratory and none have been conducted in the field to test these predictions. The objective of our study was to test the above three hypotheses for facultative sex-ratio adjustment. To test these hypotheses, we monitored naturally increasing population densities and varying adult sex ratios through the spring and summer and manipulated adult sex ratios in the autumn of eight enclosed populations of gray-tailed voles, Microtus canicaudus, and measured the sex of recruits. Gray-tailed voles are herbivorous grassland rodents exhibiting a promiscuous mating system, females are territorial with respect to other females (Bond and Wolff 1999) , females are more philopatric than males (Dalton 2000) , and the breeding season extends from early March to late December (Wolff et al. 1994) . The gestation period is 21 days and development is rapid, with recently weaned females sometimes breeding at 18 days of age, and generations are highly overlapping (Wolff et al. 1994) . Therefore, gray-tailed voles appear to represent a model species with which to test the above hypotheses.
Methods

Study site
The experiment was conducted at Oregon State University's Hyslop Agronomy Farm, 10 km north of Corvallis, Oregon. The experimental units consisted of eight 0.2-ha (45 m × 45 m) enclosures planted with several species of grass. The enclosures were constructed of sheet metal 90 cm high and buried 90 cm deep to contain the voles, and a 1-m strip was mowed bare along the inside of the fences to minimize its use by voles. In each enclosure, nine rows of nine trap stations were spaced 5 m apart for a total of 81 stations, with one Sherman live trap at each station.
Experimental procedures
Six adult male and six adult female voles were placed into each of the eight enclosures at the beginning of May 1997 and population densities were allowed to increase until September 1997 (18 weeks). In late September, one of two sexratio treatments was randomly allocated to each of the eight enclosures, providing four replicates of each treatment. Population sex ratios were manipulated towards either high densities of adult males and low densities of adult females or low densities of adult males and high densities of adult females. To initiate the sex-ratio experiment, females and males were removed from or added to previous populations such that remaining animals were evenly spaced throughout each enclosure to maximize random mating.
Capture-mark-recapture
Vole populations were monitored using standard capturemark-recapture techniques. Voles were livetrapped for 4 consecutive days at 2-week intervals from early May until late December for a total of 8 months. Traps were baited with oats and sunflower seeds and either set in the evening and checked at sunrise or set before sunrise and checked at midday, depending on the ambient temperature. All animals were ear-tagged for identification, and data recorded for each trapped animal included body mass (to the nearest gram), sex, trap location, and reproductive condition of females. Females were considered to be in reproductive condition if they were pregnant or lactating. Voles were classified as juveniles (<30 g) or adults (≥30 g), and any newly captured, untagged animals were considered recruits born into the population. All newly captured animals were ear-tagged and left in the enclosures throughout the summer to allow population densities to increase but were removed from the sex-ratio treatment enclosures to maintain skewed sex ratios and control densities. The voles were cared for in accordance with the principles and guidelines of the American Society of Mammalogists.
Population size and sex ratio of adults were calculated for each trap week throughout the entire study period using minimum number known alive (Myers and Krebs 1971). Wolff et al. (1994) demonstrated that >80% of gray-tailed voles were captured in 4 days of trapping. The date of conception was estimated for each recruit by assuming that pups gain about 1 g/day from birth until capture and backcalculating a gestation period of 21 days. Population sex ratio was represented as proportion of males (number of males/number of males + number of females) and week of conception was represented as number of weeks after first trap week (first trap week = week 1).
We captured a total of 1047 recruits throughout the study period (May-December). However, data from mid-August to mid-September were excluded because we were unable to assign an enclosure to recruits that were conceived during that time and captured after population manipulation in September. Therefore, data from 960 recruits were used in the analyses. In addition, data from 2 weeks in August were not used in calculating overall recruit sex ratios because <10 recruits were captured in all enclosures combined during that time.
Statistical analyses
We tested for effects of adult sex ratio at week of conception (PSR), adult density at week of conception (LRC), week of conception (FCA), and enclosure (i.e., population) on recruit sex ratios. Generalized linear mixed models (GLMMs) were used with logit response and binomial data distribution (Krackow and Tkadlec 2001) . Mixed models allow the introduction of random coefficients into a model (see Allison 1999; Krackow and Tkadlec 2001) . Individual recruits were considered the experimental units, and enclosure was considered to be a random effect to account for variation among populations. The random effect of population was separable from the other independent variables because the populations were resampled each week; thus, any population differences that affect sex ratios were not treated as merely density effects (Krackow and Tkadlec 2001) . Our model included the fixed-effect variables of week after experimental onset, adult sex ratio, adult density, and the interaction between adult sex ratio and density, at the time of conception for each recruit, as well as the random covariance parameter of enclosure. The GLMM analyses were carried out using the GLIMMIX macro and PROC MIXED of the SAS statistical package (Littell et al. 1999; SAS Institute, Inc. 1999) . Type 3 tests of fixed effects were calculated, which treat each effect as if entered last in the model (i.e., the tests are invariant to the ordering of the effects in the model). The response variable was the log odds of a recruit being male (male = 1, female = 0). Variables were centered prior to analyses. Centering the variables means subtracting the variable's mean from each case's value on that variable. Centering reduces multicollinearity between the predictors and the interaction term and allows more meaningful interpretations of the regression coefficients.
Results
High densities of males were 18-25 per enclosure and low densities of females were 9-12. Low densities of males were seven to nine per enclosure and high densities of females were 24-32. Adult population density varied by enclosure but increased by a range of 238%-644% from spring to late summer (Fig. 1) . Mean adult population sex ratio for all enclosures for all weeks from spring to late summer was 48% male (range = 20%-61%) (Fig. 2) . Mean population size in all of the enclosures throughout the fall sex-ratio treatment was 34 adults (range = 28-41 adults) (Fig. 1) . Adult population sex ratios during the autumn sex-ratio treatments averaged 69% male in the male-skewed enclosures (range = 64%-72%) and 23% male in the female-skewed enclosures (range = 20%-26%), indicating that relatively strong sexratio skews persisted throughout the treatment period (Fig. 2) .
We trapped only six to eight adult females per enclosure (~35 females/ha) at the beginning of the study period. At low densities, female home ranges had minimal overlap with 
Fig. 2.
Sex ratio (proportion of males) in the adult population of gray-tailed voles measured at 2-week intervals in eight enclosures from spring through autumn at Hyslop Farm, Oregon, 1997. neighbors and many trap stations were not utilized, indicating that vacant space was available for colonization by young females (Bond and Wolff 1999) . Densities increased from five to eight adults of each sex (50-80 adults/ha) in spring to 29-51 adults of each sex (290-500 adults/ha) by midsummer. As densities increased, mean home-range sizes of adult males and females decreased significantly (from 257.0 to 66.1 m 2 for males and from 91.8 to 29.1 m 2 for females), and overlap of trap stations by adult females increased from 1.58 ± 1.58 (mean ± SE) to 2.71 ± 2.01 (Bond and Wolff 1999) . At these higher densities, female home ranges overlapped considerably, suggesting greater competition for breeding space.
Recruitment sex ratios differed throughout the study period (F [1, 955] = 6.64, p < 0.01). However, we found no significant effect of adult population density (F [1, 955] = 0.01, p > 0.9), percentage of adult males (F [1, 955] = 1.86, p > 0.17), or their interaction (F [1, 955] = 0.00, p > 0.96) on recruitment sex ratios. Overall mean sex ratios of recruits were 42% males in spring (May-June) (n = 217), 45% in summer (July) (n = 145), and 59% in autumn (September-November) (n = 583), indicating overproduction of females in spring and males in autumn (Fig. 3) .
Discussion
Our data did not support the prediction of the PSR hypothesis. Theoretically, sex-specific mortality over time and localized mating within a population might create selection pressures that lead to the ability to counterbalance biased adult sex ratios under specific circumstances (e.g., Werren and Charnov 1978) . If a consistent pattern of environmental perturbation causes significant localized skews of adult sex ratio (Clutton-Brock and Iason 1986), skews in consecutive breeding seasons are correlated (Bensch et al. 1999) , and migration between subpopulations does not negate the effect of the skew. In that event, selection might favor sex-ratio adjustment in subpopulations with overlapping generations. But such a strategy must be frequency dependent, limiting sex-ratio adjustment so that adult sex ratios are not skewed too far in the opposite direction (Bensch et al. 1999) , and would require strong sex-specific mortality. Perhaps because of the strictness of such requirements and the lack of strong, consistent sex-ratio skews in natural populations, offspring sex-ratio skews in response to biased adult sex ratios have rarely been documented in higher vertebrates (Clutton-Brock and Iason 1986; Lummaa et al. 1998; Krackow 2002 ) and directions of skews have not been consistent (see McClure 1981; Sikes 1995 Sikes , 1996 . For example, whereas female mouse lemurs, Microcebus murinus, produce relatively more male offspring when exposed to urinary cues of adult females (Perret 1990 (Perret , 1996 , house mouse mothers produced relatively more daughters when exposed to urine odors of eight unfamiliar adult females before mating (Drickamer 1999) . These and other examples suggest that slight sexratio trends may be affected more by population dynamic events, season, or maternal condition than by facultative sexratio adjustment (Krackow 1995) . Thus, our failure to support a PSR hypothesis is not surprising, especially for a short-lived species that has evolved in highly fluctuating populations and environmental stochasticity.
Similarly, we found no support for the LRC hypothesis at high population densities, even though densities in our study reached 290-500 voles/ha, or 29-51 adults of each sex per enclosure. Most peak densities of naturally occurring cycling microtine species are 200-300 voles/ha (Taitt and Krebs 1985) , and previous studies of gray-tailed voles in these enclosures showed that density-dependent effects on adult home-range size and juvenile recruitment occurred at densities of about 300 voles/ha (Wolff et al. 1994; Wolff and Schauber 1996; Bond and Wolff 1999) . Recruitment, survival, and sexual maturation of juvenile females were negatively affected at densities of 100 females/ha (Wolff et al. 2002) . Thus, we assumed that space for daughters to establish territories might be limiting at higher densities in our study, yet we did not find a bias towards male recruits. Others have similarly failed to find a sex-ratio bias in recruitment in response to density (e.g., Lambin 1994; Wolff et al. 2002) . We did not quantify food or space availability during this study but had no indication that food was limited or that it affected reproduction (also see Bond and Wolff 1999; Wolff et al. 2002) .
Our data supported the predictions of the FCA hypothesis in that we observed female-biased recruitment sex ratios in spring and male-biased recruitment sex ratios at the end of the breeding season. The female-biased recruitment that we observed in the spring is also consistent with the LRC hypothesis at low densities. However, we had the same low densities of adult females in autumn and yet sex ratios favored males. Since enclosures with low densities of females had unoccupied space available for colonization in spring and autumn, we should expect overproduction of females during both seasons; however, we did not see this. Thus, the most parsimonious explanation for greater production of daughters in spring is a seasonal rather than a local resource Fig. 3 . Proportion of new gray-tailed vole recruits (with 95% confidence interval) that were male measured at 2-week intervals in eight enclosures from spring through autumn at Hyslop Farm, Oregon, 1997. competition effect. Female-biased sex ratios were documented in spring litters of Townsend's voles (Lambin 1994) and male-biased sex ratios were observed in autumn litters of meadow voles (McShea and Madison 1986) . Such sexratio adjustment may be adaptive in that juvenile male meadow voles were most likely to enter the breeding population if they were born late in the year and delay maturation until the following spring (Boonstra 1989) . In contrast, female voles typically breed in their year of birth, often at a young age, and when their mothers are still alive (Boonstra 1989; Lambin 1994 ). In addition, over-winter survival of late-summer and autumn-born male gray-tailed voles and meadow voles was higher than that of females, possibly because males are more tolerated within winter communal groups (Madison et al. 1984; Brunkal 1996) . We did not have direct evidence to explain the biological mechanism for the recruitment sex-ratio bias; however, because differential mortality after the period of parental care does not alter the sex ratio at birth (Leigh 1970) , it is possible that after giving birth, mothers were selectively allocating energy towards their daughters in the spring and their sons in the autumn (McClure 1981; McShea and Madison 1986) . Whatever the mechanism involved, this pattern of differential sex allocation suggests that females might benefit from greater investment in daughters in spring and sons in fall.
In conclusion, our experiment revealed significant seasonal sex-ratio adjustment in gray-tailed voles, similar to the findings of studies with other species of rodents (McShea and Madison 1986; Boonstra 1989; Zuleta and Bilenca 1992; Lambin 1994; Wright et al. 1995) . Gray-tailed voles might not have the ability or there might be no selective advantage for adjusting the sex ratio in response to population sex ratio or local resource competition because skews in population sex ratios are not predictable over time and critical resources may not be limited at high densities. Future research on facultative sex-ratio adjustment should focus on determining if any fitness advantage occurs for sons or daughters born at different densities, seasons, and population sex ratios.
